T HE rehabilitation of the patient with heart disease must include placing him in appropriate employment. Gainful work serves not only economic ends but has important psychologic benefits. One of the important decisions the clinician must therefore make is an assessment of the level of effort that the patient can safely undertake in employment and sport. Traditionally the evaluation is made on subjective symptoms and physical signs. With reliance chiefly on the patient's statement of the grade of effort that produces breathlessness and discomfort the physician places him in one of the categories of functional capacity outlined by the New York Heart Association.
The clinical assessment has obvious limitations. The main weakness is apparent when one attempts to relate the level of effort at which the patient claims that disability occurs to a physiologic measure of work, namely, liters of oxygen consumed per minute. Unless this is done it is virtually impossible to match precisely an evaluation of the patient's functional capacity with the grade of effort required to carry out various types of work or sport. Some attempts have been made in this direction by Nylin' and Bruce and Rodgers2 but the level of oxygen consumption at which disability occurs is not readily obtainable by their methods. The present studies are an endeavor to define precisely the maximum exercise capacities of cardiac patients in terms of liters of oxygen consumption per minute.
The maximum capacity for effort of normal men can be defined as the maximum level of "aerobic" oxygen consumption. Astrand3 and From the Applied Physiology Laboratory of the Transvaal and Orange Free State Chamber of Mines, Johannesburg, South Africa. 384 Taylor and associates4 have demonstrated clearly that this is the rate of oxygen coissumption at which a further increase in the grade of work does not call forth any addition to the level of oxygen consumption. It merely results in an increase in oxygen debt and a shortening of the time of effort. In the laboratory this figure is determined by exercising the subject at increasingly severe grades of work until a level of oxygen consumption, as defined above, is reached. The method is tedious and in sick patients severe grades of work must, of necessity, be avoided.
Recent observations by Berggren and Christensen5 and Astrand3 suggested that the maximum aerobic oxygen capacity can be determined without imposing high work loads. It, was shown in normal subjects that heart rate is a linear function of oxygen consumption up to the maximum level of aerobic oxygen consumption, and maximum heart rate of 194 ± 1.6 beats per minute is not exceeded in adults during severe exercise and that this rate is closely correlated with the maximum level of aerobic oxygen consumption. Hence if heart rate is plotted as a function of oxygen consumption at .3 or more grades of work and a linear curve is fitted to these plots and extrapolated to 190 beats per minute, then the oxygen consumption at this heart rate should closely approximate the maximum level of aerobic oxygen consumption of the individual measured by the more laborious method. Mloreover, the 3 grades of work can be submaximal functional relationship up to maximal effort, to establish whether the maximum heart rate of the individual correlated closely with the maximum aerobic oxygen capacity, and to determine the variability of oxygen consumption determined in this way.
Having satisfied ourselves on these 3 points, we then measured heart rate, oxygen consumptioni, and ventilation at 3 grades of work on a group of untrained normal subjects and on 10 ambulant patients with rheumatic heart disease. Particular attention in this study has been paid to the ventilatory volume per minute at different levels of exercise. This is because we and others3' 5 6 have shown that the maximum voluntary breathing capacity in normal iiidividuals always exceeds by a good percentage the minute venitilatory volume observed at the maximum possible level of exercise. On this ground it is concluded that circulatory rather than ventilatory factors set the limit to the maximum level of oxygen consumption of normal individuals. In patients with rheumatic heart disease, however Differences of this order in maximum aerobic oxygen consumptions are therefore also significant.
Linear curves were fitted to the plots of heart rate as a function of oxygen consumption at the 3 grades of submaximal work and were extrapolated to 190 heart beats per minute. The fitted curves for the cardiac men are given in figure 1 and for the cardiac women in figure  2 . Comparisons between individuals of the maximum aerobic oxygen capacities obtained in this way are more meaningful when corrected to a standard weight. For this purpose we have arbitrarily selected 150 lbs. The corrected mean value of maximum aerobic oxygen consumption for the 4 trained men is 3.6 (range 2. (range 2.7 to 3.7) L. of oxygen per minute; for Astrand's3 athletic young men 4.0 L. of oxygen per minute; and for his athletic young women, 3.2 L. of oxygen per minute.
The maximum aerobic capacities of the cardiac patients derived from figures 1 and 2 are considered here as percentages of Astrand's normal athletic young men and women. This is done to bring out more clearly the departure from normality of the cardiac patients. 
where C is a constant (depending on the sample size k) such that we may state with 100 02 per cent confidence that this ellipse contains at least 100 e1 per cent of the population of (a, OA) pairs. The interrelationship of these variables at different rates of oxygen consumption is contained in the data obtained by the direct Fick determinations of Donald and associates", 12 Dexter and associates,'3 14 and Freedman and associates,'5 on normal and cardiac volunteers. Direct Fick studies were made at a maximum work rate of 2.0 L. oxygen per minute. Recently Asmussen and Nielsenl6 obtained data at or near the maximum working capacity using the uptake of an inert gas and a dye-dilution technic. From these various studies it is now possible to make a relatively coherent statement on the way in which the 3 circulatory parameters contribute to an increase in oxygen consumption.
In both Nielsen's and Freedman's studies stroke volume increases with rise in oxygen consumption up to a maximum, which occurs at an oxygen consumption of between 1.4 and 1.6 L. per minute. Heart rate and A-V difference, on the other hand, both increase linearly with rise in oxygen consumption right up to the maximum aerobic oxygen consumption. At this level of oxygen consumption, heart rate in normal adults reaches a limiting value of 190 beats per minute.3 The limiting value of A-V difference is not known so precisely. Even at high levels of cardiac output during exercise a percentage of the total outflow goes to areas such as brain and liver where the extraction rate of oxygen is low. The figure usually given for maximum A-V difference of 140-150 ml. per L. of blood therefore seems reasonable.
The actual value will undoubtedly depend upon the volume of muscle engaged in exercise.4 From these data it can be concluded that, at low levels of effort in normal men, stroke volume, heart rate and A-V difference all contribute to the rate at which oxygen is made available to tissues. Above a level of 1.5 L. of oxygen per minute (approximately 6 times the resting level) only heart rate and A-V difference are involved. Both increase as linear functions of oxygen consumption up to the maximum aerobic level.
The situation with cardiac patients is not so simple. In 8 of the 10 cases studied by us ventilation volume per minute as a function of oxygen consumption fell within the tolerance limits we have calculated for normal men.
Moreover, the ventilation rate that would obtain at the maximum aerobic oxygen consumption (obtained by extrapolation of heart rate to 190 beats per minute) was less than the maximum breathing capacity. These cases, therefore, in these 2 respects conformed to normal. Two cardiac patients were, however, quite different. Even at the low rate of work they were breathless and ventilation was greater than normal. At high rates of work they were very breathless and ventilation as a function of oxygen consumption rose nonlinearly, so that no. 18, at an oxygen consumption of 1.0 L. per minute, ventilated at twice the normal volume. The maximum breathing capacities of these men were well below normal.
Ventilation at the highest rates of work enicroached seriously, therefore, upon ventilatory reserve. Heart rates of the 2 One is an accumulation of edema in pulmonary tissues with a loss of lung elasticity. Hayward and Knott'7 have shown this condition in rheumatic heart patients with dyspnea. The other is the excessive accumulation of lactic acid in blood and has been demonstrated by Cotes.' Both mechanisms are undoubtedly due to an inability to raise the cardiac output in a normal manner with increase in exercise. Hence it can probably safely be inferred in these and similar patients that the level of oxygen consumption at which ventilation departs in a markedly nonlinear manner from the normal is the level of effort at which cardiac output also fails to show the normal response to exercise.
In the other 8 cardiac cases the factor limiting exercise was not, ventilatory function, as pointed out. Can we assume that the heart rate of 190 beats per minute was correlated, as in normal subjects, with the maximum aerobic oxygen capacity? The question can be put in another way that clarifies the issue. Is there any evidence in cardiac patients that at a heart rate of 190 beats per minute either A-V difference or stroke volume have not been employed up to their limits? If they have, then clearly at a heart rate of 190 beats per minute there is no other way of transporting more oxygen by the circulation and 190 beats per minute must be correlated with the maximum aerobic oxygen capacity. Dexter's data'3 14 throw light on this problem if stroke volume, A-V difference, and heart rates are plotted as functions of oxygen consumption. The main difference from normal is that severe cardiac cases are unable to increase stroke volume with increase in effort.
Consequently heart rate and A-V difference as function of oxygen consumption rise more rapidly than in normal subjects and reach their limiting values at relatively low levels of oxygen consumption. In both severe and mild cardiac cases extrapolation of A-V difference to 140 to 150 ml. per L. of blood indicates that this level is reached at lower levels of oxygen consumption than is the heart rate of 190 beats per minute. We have shown that heart rate is a linear function of oxygen consumption and therefore can safely be extrapolated. The only question open to challenge is extrapolating A-V difference linearly. In the cardiac patient increase in cardiac output is limited because of the restriction in stroke volume. Consequently, as oxygen consumption increases, A-V difference is used up more rapidly, as is clear in Dexter's data, and not less rapidly than normal. The error, if any, in extrapolation of A-V difference will therefore be on the right side, viz., towards oxygen consumptions at 140 to 150 ml. per L. of blood, which are too low. Hence we can safely assume that at a heart rate of 190 beats per minute the other 2 parameters have been fully employed and therefore this heart rate must be closely correlated with the maximum aerobic oxygen capacity.
The majority of cardiac cases in this group did not complain of dyspnea during the tests, but 2 women did so complain. For example, no. 11 had a ventilation rate of 25.0 L. at 0.83 L. of oxygen per minute. Her maximum breathing capacity was 101.0 L. per minute. In spite of a ventilatory reserve of 75 per cent she complained of dyspnea. She was excessively worried about her "heart trouble" and had avoided any but the mildest form of exercise. Her musculature was flabby. Dyspnea could w-ell have been due to a level of ventilation to which she was unaccustomed. There appears to be no cogent reason why such a patient should not lead a more active life. The clinician's impression was one of cardiac neurosis and our data are helpful in lending him confidence to encourage her to pursue a more active life with a limit set by her maximum oxygen consumption as in the other cardiac patients of this group.
In assessing the level of exercise and, more especially, the grade of work that the cardiac can be allowed to do, these 2 The cardiac patient with exercise capacity WYNDHAMU AND WARD limited by circulatory rather than ventilatory parameters is at present in greater danger of being misplaced in regard to the grade of work that is permissible. The criterion generally employed by the clinician for all cardiac patients is the level of work at which breathlessness occurs. In this group of patients, heart rate rises abnormally rapidly with increase in oxygen consumption and the circulatory parameters are exhausted at a level of ventilation that, as in normal subjects, is well below the maximum voluntary breathing capacity. Hence the maximum permissible effort of these cardiac patients must be judged in relation to the maximum aerobic oxygen capacity, as in normal men, rather than by the level of effort at which breathlessness occurs.
The maximum aerobic oxygen capacity defines the level of work that normal and trained men can sustain for only a few minutes before fatigue supervenes. It serves to differentiate between men with different capacities for maximum effort. Thus Astrandl" showed that Landy, the 4-minute miler, has a maximum aerobic capacity of over 5.0 L. of oxygen per minute, whereas the average of his young, fit men was 3.9 L. of oxygen per minute.3 Its usefulness in industrial employment is as a standard against which to assess a permissible level of oxygen consumption for 8 hours of work. Thus A strand3 stated that healthy factory workers should not work at more than half their maximum capacity. While there is no evidence that a similar grade of effort relative to the maximum capacity would have any harmful effect on the cardiac patient, we suggest that, until we have evidence on the point, the maximum permissible level of work be set at one third of the maximum aerobic oxygen capacity for this particular group of cardiac patients. This information should be of use to the hospital social worker in rehabilitating the cardiac patient. The range of permissible work can be judged in regard to meaningful domestic activities and industrial tasks by correcting the maximum aerobic oxygen consumption to 150 lbs. weight, and comparing them with data in tables from laboratories engaged in such studies. '9, 20 A further use of the maximum aerobic oxygen consumption figure, whether assessed by ventilatory or circulatory criteria, is as an objective measure of the effect of type of heart disease and the regimen of therapy on the exercise status of the patient. Thus no. 18 was fibrillating on the first occasion and had acute discomfort at 0.79 L. of oxygen per minute, but after treatment with quinidine to bring him into regular rhythm he was able to exercise briefly at 1.1 L. of oxygen per minute and his ventilation volume per minute improved considerably. It may be equally useful to judge objectively the effect of valvulotomy. Finally, it is an index with which to judge the progress of the disease with time. Regular examinations, say at yearly intervals, would give a measure of the improvement or deterioration of the cardiac patient. SUMMARY Heart rate, oxygen consumption, and minute ventilation volume were measured at 3 grades of work on 4 trained men, 5 untrained men, and 10 ambulatory cardiac patients with rheumatic heart disease. Ventilation volume/ minute at different levels of oxygen consumption were also measured on 24 young men to set up standards against which to judge abnormality at an altitude of 6,000 feet above sea level.
Eight of the cardiac patients had ventilatory volumes/minute at the 3 levels of oxygen consumption that were essentially the same as normal subjects and therefore ventilatory function, as in normal subjects, did not appear to be the factor that sets a limit to the maximum possible level of oxygen consumption during severe exercise. Hence, as in normal subjects, the maximum level of oxygen consumption was obtained by extrapolation to 190 beats/minute of the heart rates obtained at 3 submaximal grades of work when the heart rates are plotted as a function of oxygen consumption.
Two of the cardiac patients had an abnormal pattern of ventilatory response to exercise. Even at mild effort they had a larger minute volume than normal and this departed further from normal as the level of exercise was raised. The Duo del patientes cardiac habeva formas anormal del responsa ventilatori a exercitio. Mesmo sub le conditiones de leve grados de effortio illes habeva volumines per minuta que excedeva le norma, e le differentias ab le norma cresceva quando le nivello del exercitio esseva elevate. Le signification de iste factos es discutite, e le these es formulate que le causa primari es le incapacitate de augmentar le rendimento cardiac in relation normal al grado del exercitio.
Assi le responsa ventilatori a exercitio pote servir a distinguer clarmente duo categorias de patientes de morbo cardiac rheumatic. Es discutite le methodo de evalutar le plus alte nivello possibile del consumption de oxygeno del parte de patientes in iste duo categorias.
Es presentate le idea que le calculation del nivello maximal de consumption de oxygeno in le casos individual de patientes cardiac pote esser usate como indice objective in determinar qual nivello de effortio es admissibile in le occupation professional del patiente, in evalutar le influentia de therapia o chirurgia, e in traciar le disveloppamento del morbo in le curso del tempore.
